, and AuC 6 H − is found to be linear, while that of AuC 4 − and AuC 6 − is bent. All the species are found to be linear in their neutral ground states. The electron affinities (EAs) are measured to be 3.366(1) and 3.593(1) eV for AuC 4 and AuC 6 , respectively. Both bending and stretching frequencies are resolved in the spectra of AuC 4 − and AuC 6
−
. High-resolution data of AuC n H − reveal major vibrational progressions in the Au-C stretching and bending modes. 
I. INTRODUCTION
The strong relativistic effects 1 give gold many unique chemical properties, such as aurophilicity and propensity to form covalent bonds. [2] [3] [4] In fact, gold has been found to be analogous to H in its bonding in alloy clusters with Si and B. [5] [6] [7] [8] [9] In the current study, we investigate the Au/H analogy in a series of AuC n − and AuC n H − species and the Au-C bonding because of its importance in understanding homogeneous catalyses involving gold. [10] [11] [12] [13] [14] We have studied previously a series of Au(I)-alkynyl complexes, LAuCCH − (L==Cl, I, and CCH) using photoelectron spectroscopy (PES) and theoretical calculations. 15 We observed an unusually large Au-C stretching frequency in these complexes, leading to the surprising finding that the Au-C bond in these complexes is extremely strong with a dissociation energy of 5.01 eV in ClAuCCH − . Even more surprisingly, we found that the Au-C single bond in ClAuCCH − is even stronger than the Au= =C double bond in ClAu==CH 2 and the Au≡ ≡C triple bond in ClAu≡ ≡C, [16] [17] [18] [19] [20] [21] revealing an inverse correlation between bond strength and bond orders in the series of Au-C compounds. The auxiliary ligand L is found to polarize the Au(I) center in ClAuCCH − , resulting in the unusually strong Au-C bond. To understand the polarization effects and to a) E-mail: Lai-Sheng_Wang@brown.edu obtain a reference to compare with the Au-C bonding in the LAuCCH − complexes, we recently studied the bonding in Au-CC − . 22 The Au-C stretching frequency in AuC 2 − was found to be lower than that in ClAu-CCH − and the dissociation energy of AuC 2 − ( 1 Σ + ) → Au ( 2 S) + C − 2 ( 2 Π u ) was calculated to be ∼3.10 eV, which is significantly smaller than the 4.52 eV or 5.23 eV dissociation energies for ClAu-CCH
, highlighting the importance of the auxiliary ligand (L) in influencing the Au-C bond in LAu-CCH − .
The bonding in Au-CCH
− would provide even better references to assess the influence of L on the Au-C bonding in LAu-CCH − . Furthermore, increasing the carbon chain length will provide information about the correlation between the carbon chain length and the strength of the Au-C bonding. In the current work, we present a study on the electronic structure and chemical bonding in AuC n − and Au-C n H − and their corresponding neutrals using high-resolution PE imaging and ab initio calculations. High resolution PE spectra from the ground state detachment transitions of AuC 4 − , AuC 6 − , and AuC n H − (n = 2, 4, and 6) are obtained for the first time, using a velocity-map imaging (VMI) system, 23 providing detailed spectroscopic data for the corresponding neutral species.
AuC 4 − and AuC 6 − are found to be slightly bent, while the corresponding neutral species are linear. The PE spectra of AuC 4 − reveal a progression in the lowest two bending modes with frequencies of 129(10) and 192 (10) The Au-C bond strength in AuC 2
−
, which shows the strongest bond among the studied clusters, is considerably weaker than that in ClAu-CCH − , showing the importance of the auxiliary ligand in the Au-C bond. It is also found that the strength of the Au-C bond decreases as the number of carbon atoms in the chain is increased because the covalent contribution of the chemical bond decreases.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental methods
The experiments were done using two different PES apparatuses, which were equipped with similar laser vaporization supersonic cluster sources and time-of-flight mass spectrometry for cluster generation and size selection, but different photoelectron detections, one with a magneticbottle PE analyzer 24 for the high photon energy experiment at 193 nm and the other one involving a VMI system for high resolution studies. 22, 23, [25] [26] [27] For both experiments, a disk made of C and Au (C/Au atom ratio ∼1/9) was used as the laser vaporization target with a helium carrier gas seeded with 10% argon, which was shown to produce relatively cold gold cluster anions previously. 28 Clusters formed inside the nozzle were entrained by the carrier gas and underwent a supersonic expansion. After a skimmer, anions from the collimated cluster beam were extracted perpendicularly into a time-of-flight mass spectrometer. The AuC n − anions of interest were mass-selected and decelerated before being detached by a 193 nm (6.424 eV) laser beam from an ArF excimer laser in the interaction zone of the magnetic-bottle electron analyzer, which was described in detail before. 24 The AuC n H − species, present as impurities in the AuC n − beam and derived from residual contamination of gold, 29 were not observable in the mass spectra due to their weak intensities and limited mass resolution. Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 3.5 m long electron flight tube. The PE spectra were calibrated with the known spectrum of Bi − . The kinetic energy resolution of the apparatus, ∆Ek/Ek, was better than 2.5%, i.e., ∼25 meV for 1 eV electrons.
For the high-resolution PE imaging experiment, the AuC n − anions were mass-selected and focused into a collinear VMI system for photodetachment by a tunable laser. 22, 23, [25] [26] [27] Photoelectrons were accelerated toward a position-sensitive detector with a 75 mm diameter micro-channel plate coupled to a phosphor screen and a charge-coupled device (CCD) camera. A National Instrument PXI-mainframe system was used to control the whole apparatus and for data acquisition. The tunable radiation (222-709 nm, linewidth <0.3 cm −1 ) was from a Continuum Sunlite OPO system pumped by an injection-seeded Continuum Powerlite laser. Typical pulse energies used were ∼150 µJ. A half-wave plate combined with a high-quality Glan-Laser polarizer was used to achieve a high degree of polarization parallel to the imaging detector plane. The electron count rates for the current experiment at certain wavelengths were very low, and photoelectron images were averaged with 300 000-700 000 laser shots. Inverse-Abel transformation was done to obtain the three-dimensional (3D) electron distributions from the recorded two-dimensional (2D) images. This reconstruction was done by both the BASEX 30 and pBASEX 31 programs, which yielded similar results. The imaging system was calibrated using the known spectrum of Au 
B. Theoretical methods
Density Functional Theory (DFT) calculations were performed on AuC n − and AuC n H − (n = 2, 4, and 6) with the Gaussian 09 program package 32 using the B3LYP functional. 33, 34 The all-electron 6-31++G(d,p) basis set 35 was used for the carbon atoms, and the Lanl2dz basis set and the associated effective core potential (ECP) [36] [37] [38] were used for gold during the optimization calculations. Vibrational frequencies were calculated to confirm that the obtained structures were true minima. In addition, wavefunctionbased CASSCF/CASPT2 calculations [39] [40] [41] [42] [43] were performed including spin-orbit coupling, together with effective core potentials for all atoms. 44, 45 All these calculations have been carried out using the MOLCAS 8.0 suite of programs. 46 The structural parameters of the calculated clusters are collected in Table I .
Vertical detachment energies (VDEs) were calculated to compare with the experimental data. The first VDE for each species was calculated as the energy difference between the anion and neutral states at the corresponding anion equilibrium geometry. 47 The simulated spectra presented in Figs. 1 and 2 were obtained by fitting each of the computed VDEs with a Gaussian function of 0.04 eV width.
III. RESULTS
A. Photoelectron spectra at 193 nm
Figs. 1(a) and 2(a) show the PE spectra of AuC 4 − and AuC 6 − , respectively, at 193 nm using the magnetic-bottle apparatus. The two spectra are similar with numerous intense detachment bands, which are labeled with letters X and A-H. The VDEs of the X bands in both species are quite high, at ∼3.5 eV for AuC 4 − and ∼3.6 eV for AuC 6 − , and the X and A bands are not resolved in the 193 nm spectra. At higher binding energies, more bands are observed. The adiabatic detachment energies (ADEs) and VDEs of the observed bands are given in Table II , where the more accurate data are from high-resolution PE imaging to be presented below.
For the spectra of both AuC 4 − and AuC 6 − , a very weak band (feature X ′ ) is observed in the lower binding energy region at ∼2.0 eV. The relative intensities of these features are no more than ∼5%-10% of the main spectral bands. Similar weak features were also observed in our previous study of AuC 2 − at 193 nm and they were interpreted as due to excited states of AuC 2 − , 22 following a prior study by Visser et al. 48 However, a subsequent study by S. G. He (private communication) suggested that the weak features in AuC 2 − were in fact due to the AuC 2 H − impurity. Hence, the similar weak features in the AuC 4 − and AuC 6 − spectra may also come from hydride impurities; their high-resolution PE imaging data will be presented below. Figs congested with numerous vibrational fine features (labeled as a to f ), suggesting significant geometry changes between the ground state of AuC 4 − and that of its neutral. Additionally, peaks d, e, and f seem to consist of a doublet, as can be seen under even higher resolution at low photon energies (Figs. 3(b) and 3(c) ). The high-resolution spectrum of AuC 6 − is less congested, and only five features (labeled as a to e) are observed at 3.6905 eV (Fig. 4(a) ). The peaks in the spectra of both AuC 4 − and AuC 6 − are separated by different spacings and are probably due to different bending modes of two different electronic states. Even under the high-resolution condition at 3.4501 eV (Fig. 3(c) ), the spectrum of AuC 4 − still displays a complex pattern. The absence of any vibrational hot bands suggests that our cluster beam was quite cold vibrationally.
The angular distributions of the PE images for AuC 4 − ( Fig. 3 ) and AuC 6 − (Fig. 4) are isotropic with a β parameter oscillating around a value of zero for different kinetic energies. The binding energies for all the observed peaks in Figs. 3 and 4 are summarized in Table III . Accurate ADEs and VDEs from the high-resolution imaging data for bands X and A are given in Table II (Fig. 3) and AuC 6 − (Fig. 4) . − spectra is about 340 cm −1 . Interestingly, fine features are further resolved for AuC 6 H under high resolution, when the detachment laser is tuned close to each of the vibrational peaks in band X' (Fig. 6) . Each of the main features is accompanied by another weak feature (labeled as a
. The separation between the main features is about 260 cm −1 , while the separation between each of the weak features and that of the main features is about 60 cm −1 . All the β values show an isotropic distribution for the low kinetic energy peaks, while the angular distributions lie slightly parallel to the laser polarization (β > 0) at higher kinetic energies.
D. Theoretical results
We carried out both DFT and wavefunction-based CASSCF/CASPT2 calculations including spin-orbit coupling to facilitate the interpretation of our new PES data, particularly for the origins of the weak X ′ band observed in the 193 nm spectrum for AuC 4 − ( Fig. 1(a) ) and AuC 6 − ( Fig. 2(a) Table I , whereas Figure 7 shows all the anion and neutral structures along with the relevant bond lengths.
We carried out Franck-Condon (FC) simulations for the different PE spectra, which are shown in Figs. S1-S5 in the supplementary material. 49 The simulations were done using the PESCAL program, 50 which computes FC factors by numerical integration of vibrational wavefunctions of a properly fitted Morse oscillator. detachment transition due to excitations of several vibrational modes. Additionally, the two spin-orbit components of the 2 Π final state are calculated to be separated by only 21 meV, which is on the order of the vibrational frequencies and complicates the assignment. (Fig. S1) . 49 Figs. S1(a) and S1b 49 show a reasonable comparison between a FC simulation using three active vibrational modes and the experimental spectra at two different photon energies. However, the simulation cannot explain the appearance of the SO-splitted term, as revealed by the double peaks, such as peaks d, e, and f .
Figs. S1(c) and S1d 49 show a simulated spectrum with only two bending modes and with the d feature as the origin of the 2 Π 1/2 state. However, this simulation still cannot explain the doublet structure of some peaks. Finally, Figs. S1(e) and S1f 49 show a FC simulation as that in Fig. S1(a) , 49 but including the SO-splitted term shifted by a few wavenumbers from peak d. The comparison shows a remarkably good fit both in shape and in that it also explains the observed doublet peaks. The simulations suggest that the observed spectra for AuC 4 − consist of a combination of a stretching and two bending modes and two different SO-splitted states with similar vibrational progressions. It also explains the congested vibrational structures seen at higher binding energies (>3.45 eV). Therefore, we assign peak a as the origin of the 2 Π 3/2 state and peak d as the origin of the 2 Π 1/2 state, giving rise to an experimental SO coupling constant of 378 cm −1 . The measured ADE from peak a is 3.366 ± 0.001 eV (Table II) .
Both the threshold behavior which indicates that the intensity does not drastically reduce near the threshold and the β parameters for the vibrational features are consistent with detachment from the 10π orbital, which would produce outgoing electrons with l = 0 (s-wave) or 2 (d-wave).
B. High resolution PE imaging of AuC 6
− Similar to AuC 4 − , the X band of AuC 6 − corresponds to electron detachment from the 11π HOMO (Fig. 8) , resulting in a 2 Π state for neutral AuC 6 . The high-resolution spectra shown in Fig. 4 (Table I ). The spacing between peaks a-d is 263 cm −1 , which is close to both the 277 cm −1 bending mode and the Au-C stretching mode calculated at 269 cm −1 . Based on the similarity of the HOMO of AuC 6 − and AuC 4 − , the Au-C stretching mode should also be active in the ground state detachment transition. Hence, it is more reasonable to assign the 263 cm −1 mode to the Au-C stretch. However, peak e, separated from feature a by 344 cm −1 , does not correspond to any of the calculated vibrational frequencies.
The simulated FC spectrum (Fig. S2  49 ) indicates that a progression based on three modes (two bending modes + the stretching mode) shows a doublet instead of a single peak near peak e. A more likely explanation is that peak e corresponds to the origin of the 2 Π 1/2 state. The SO coupling constant of 344 cm −1 is similar to the 378 cm −1 value obtained for AuC 4 , consistent with the calculations that also show a similar SO splitting for both AuC 4 − and AuC 6 − with a slightly lower value for AuC 6 (vide infra). The absence of vibrational progressions for the 2 Π 1/2 state is likely due to its weak intensity. In fact, Fig. 4(a) shows discernable electron signals beyond 3.65 eV, but the low signal-to-noise ratios do not allow any definitive assignment.
Similar to that for AuC 4 − , the threshold behavior and the β parameters are also consistent with detachment from the 11π orbital, producing outgoing electrons with l = 0 (s-wave) or 2 (d-wave).
C. High-resolution PE imaging of AuC 4 H −
The X ′ band observed in Fig. 1(a) is assigned to electron detachment from the 23σ singly occupied molecular orbital (SOMO) of AuC 4 H − (Fig. 8) , which involves an antibonding σ orbital between Au and carbon. The high-resolution data presented in Fig. 5 show a vibrational progression with a TABLE IV. Observed binding energies from the high-resolution photoelectron spectra of AuC 4 H − (Fig. 5) and AuC 6 H − (Fig. 6) broad FC profile. The a ′ peak should correspond to the 0-0 transition, defining an accurate EA of 1.778 ± 0.001 eV for AuC 4 H. Table IV lists the binding energies of all the observed peaks, which have a constant spacing of approximately 340 cm −1 . Both the anion and neutral are linear and hence only stretching modes should be active. The calculated Au-C stretching frequency of neutral AuC 4 H is 338 cm −1 , in excellent agreement with the observed vibrational spacing. The simulated FC spectrum in Fig. S3 49 agrees well with the experimental data. The long Au-C stretching progression is consistent with the large Au-C bond length change between the anion and neutral ground states (Table I and Figure 7) .
As shown in Fig. 5 , the anisotropy parameter is close to zero at low kinetic energies, while it increases at high kinetic energies although β remains lower than 1 (0 < β < 1). The observed p-wave character at high kinetic energies is consistent with the σ SOMO of AuC 4 H − (Fig. 8) .
D. High-resolution PE imaging of AuC 6 H − Fig. 6 shows the PE images and spectra of AuC 6 H − at five photon energies, also revealing a long vibrational progression, similar to that for AuC 4 H − . The detachment should be from the 27σ SOMO of AuC 6 H − , which is mainly an antibonding σ orbital between gold and carbon (Fig. 8) . The high-resolution spectra reveal that there is a weaker feature close to each main peak. Table IV lists , suggesting that either neutral AuC 6 or its anion might be slightly bent. An FC simulation using the Au-C stretching and bending modes agrees well with the observed spectra, as shown in Fig. S4 . 49 The SOMO of AuC 6 H − is a σ orbital, which results in an outgoing electron with l = 1. The observed p-wave character at high kinetic energies is consistent with the σ SOMO of AuC 6 H − (Fig. 8 ). Another important observation is the fact that when hydrogen is replaced by gold the neutral structure remains similar (although for AuC 2 the neutral was found to be bent due to the strong vibronic interactions) but for AuC 4,6 their anions are bent.
E. Comparison of AuC
A further confirmation about the Au/H analogy lies in the EA trend as the length of the carbon chain is increased. For HC n , the EAs are 2.969, 3.533, and 3.809 eV for HC 2 , HC 4 , and HC 6 , respectively. [54] [55] [56] The EA values are 3.219, 3.366, and 3.593 eV for AuC 2 , 22 AuC 4 , and AuC 6 , respectively (Table II) . There is an approximate increase of about 100 meV per carbon atom added. The current results further reinforce the Au/H analogy in the Au-C bonding. − is similar to that of the AuC 2 H − anion ground state, which, in fact, further confirms the Au/H analogy. The weak X ′ band around 1.5 eV was due to vibrational progressions of the AuC 2 H ← AuC 2 H − transition based on a combination of the stretching and the even bending modes of the neutral (separations of 445 cm −1 and 520 cm −1 , respectively), which match reasonably well with the calculated values (485 and 259 × 2 cm −1 , respectively) ( Table I ). In fact, the close proximity of the stretching and even quanta of the bending mode leads to Fermi resonances and hence the unusual high intensity of the bending progression. Figure S5 49 presents a comparison between the calculated Franck-Condon factors and the experimental spectrum at 1.6850 eV that shows very good agreement between the experiment and the simulation.
The EA values are 1.475, 1.778, and 1.962 eV for AuC 2 H, AuC 4 H, and AuC 6 H, respectively. Interestingly, similar to the AuC n series there is also an approximate increase of about 150 meV per carbon atom added.
The comparison with the HC n H species is interesting as the latter do not bind an electron. The introduction of Au makes a big difference in terms of the electronic structure: the SOMO of AuC n H − shows that the main contribution comes from the Au 6s orbital (Fig. 8) . It is understandable that it is easier to add an electron to the Au-containing species than in HC n H, whose LUMO is at much higher energies. Hence, the contribution of Au to the LUMO in AuC n H adds much stabilization to allow strong electron binding.
G. Comparison of the chemical bonding in Au-C n
− and Au-C n H − with that in ClAu-CCH −
The bond dissociation energies of AuC n − in AuC n − → Au + C n − for n = 2, 4, and 6 are calculated to be 2.80, 2.13, and 1.97 eV, respectively. There is a decrease in the bond strength as the number of carbon atoms is increased; particularly, there is a remarkable difference between two and four carbons. The 2.80 eV dissociation energy of AuC 2 − shows that it is much smaller than the 4.52 eV or 5.23 eV dissociation energies for ClAu-CCH 
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The SOMO of AuC n H − involves Au-C antibonding interactions (Fig. 8) , leading to weaker Au-C bonding in the anion. Hence, we also calculated the Au-C bond energy in neutral Au-C n H. The Au-C bond dissociation energies of AuC n H → Au + C n H for n = 2, 4, and 6 are 3.84, 3.30, and 3.06 eV, respectively, significantly stronger than that in the anion. The dependence on the carbon chain length is the same as in the anion: there is a decrease in the dissociation energy as n increases.
H. Energy decomposition analysis (EDA)
In order to further analyze the nature of the chemical bonding in the AuC n − molecules, we have performed an energy decomposition analysis (EDA). 58, 59 The interaction energy (∆E int ) of two fragments A and B in the molecule A-B is decomposed into three contributions: the Pauli repulsion (∆E Pauli ), the electrostatic interaction (∆E elstat ), and the orbital attraction (∆E orb ), which can be identified as the covalency contribution to the chemical bond. Table V shows the results of the analysis.
The EDA shows that both covalent (50.1%) and ionic (49.9%) interactions in the Au-C chemical bond in AuC 2 − are on an equal footing. However, for AuC 4 − and AuC 6 − , the covalent contribution decreases, resulting in the weaker Au-C bond in the longer chain complexes. 
V. CONCLUSIONS
We report high-resolution photoelectron spectroscopy and imaging of AuC n − (n = 4 and 6) and AuC n H − (n = 2, 4, and 6) in a wide photon energy range. The 193 nm spectrum of the AuC n − clusters revealed several major detachment bands, as well as very weak low electron binding energy features due to the AuC n H − species, which were present as minor impurities. The ground states of the AuC n − systems are bent, while the neutral ground states are found to be linear. On the other hand, the AuC n H − species have a linear configuration in both the anion and neutral states. The electron affinities are measured accurately to be 3.366(1) and 3.593(1) eV for AuC 4 and AuC 6 , respectively, while the values are 1.475(1), 1.778(1), and 1.962(1) eV for AuC n H, n = 2, 4, and 6, respectively. In AuC 4 the active bending frequencies are found to be 129 (10) and 192(10) cm −1 with a stretching frequency of 378(11) cm −1 . In AuC 6 the bending modes are 159(11) and 188(11) cm −1 with a rather low Au-C stretching frequency of 263 (11) together with a bending frequency of 55(10) cm −1 for AuC 6 H. The AuC 2 − complex features the strongest Au-C bond among the three species, and the Au-C bond strength is found to decrease as the number of carbon atoms is increased. The EDA shows that the covalent contribution to the chemical bond in AuC 2 − is higher than for AuC 4 − and AuC 6 − , consistent with the weaker Au-C bonds in the latter.
